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ABSTRACT Boron carbide (B4C) is a ceramic with a structure composed of B12 or B11C icosahedra 

bonded to each other and to three(C and/or B)-atom chains.  Despite its excellent hardness, B4C fails 

catastrophically under shock loading, but substituting other elements into lattice sites may change and 

possibly improve its mechanical properties. Density functional theory calculations of elemental 

inclusions in the most abundant polytypes of boron carbide, B12-CCC, B12-CBC, and B11C
p-CBC, 

predict that the preferential substitution site for metallic elements (Be, Mg and Al) is the center atom 

and that for non-metallic elements (N, P and S) it is generally the end of the three-atom chain in B4C’s 

rhombohedral crystal lattice.  However, Si, a semi-metal, seems to prefer the chain center in B12-CCC 

and icosahedral polar sites in both B12-CBC and B11C
p-CBC. As a first step to testing the feasibility of 

elemental substitutions experimentally, Si atoms were incorporated into B4C at low temperatures (~200-

400 oC) by high-energy ball-milling. High-resolution transmission electron microscopy showed that the 

Si atoms were uniformly dispersed in the product, and the magnitude of the lattice expansion and 

Rietveld analysis of the X-ray diffraction data were analyzed to determine the likely sites of Si 

substitution in B4C. Further corroborative evidence was obtained from electron spin resonance 

spectroscopy, magic-angle spinning nuclear magnetic resonance spectroscopy, X-ray photoelectron 

spectroscopy and Raman spectroscopy characterizations of the samples. Thus, a simple, top-down 

approach to manipulating the chemistry of B4C is presented with potential for generating materials with 

tailored properties for a broad range of applications. 

  

KEYWORDS boron carbide, B4C, elemental inclusion, substitution, rhombohedral, side chain, silicon, 

hardness, amorphous, Hugoniot elastic limit, metal, non-metal 
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Introduction 

Boron carbide with the chemical formula B4C is a ceramic material with many useful properties, 

including extreme hardness,1 which only diamond and cubic boron nitride exceed, thermoelectricity2, 

and a wide semiconducting band gap3. It exists in a rhombohedral crystallographic structure with a unit 

cell comprising an icosahedron and a three-atom linear chain (Figure 1).1 While the nominal structure 

has twelve B atoms in the icosahedron and three C atoms in the chain, density functional theory (DFT) 

calculations of free energy have shown that at least six polytypes of B4C, which differ in the B and C 

compositions of the icosahedral and chain structural units, are within 0.2 eV/atom.4  Three of these 

polytypes, B11C
p-CBC (where the superscript p indicates that the C is in an icosahedral polar position, 

shown in Figures 1 and 2), B12-CCC, and B12-CBC, are known to constitute a major portion of any 

boron carbide sample produced by conventional synthesis with B11C
p-CBC known to constitute as much 

as up to 90% by weight.1,4,5,6 

 

                                    

Figure 1. Boron carbide lattice showing relation between the rhombohedral (red) and the hexagonal 

(blue) unit cells. Inequivalent lattice sites are marked by arrows (Reproduced with permission from The 

Journal of American Ceramic Society, Wiley Publications). 
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 4

Some of the mechanical properties of B4C, for example its high compression strength7 of 3900 MPa, 

high Hugoniot elastic limit8 (maximum stress supported under one-dimensional shock deformation) of 

18-20 GPa, and low density9 of 2.52 g/cm3, are very attractive for structural applications.  However, 

once the yield stress is exceeded, B4C softens, rather than hardening like other practical structural 

materials such as SiC, greatly reducing the amount of energy it can dissipate and therefore limiting its 

technological usefulness.10-14 The reason for this poor strength above the elastic limit has been attributed 

to glass-like behavior11 and phase transformations12. However, other studies have contradicted this 

explanation,13 and shown that plasticity in B4C is accompanied by formation of amorphous bands 

leading to strain localization and softening.14-17 Atomistic simulations have attributed the formation of 

these amorphous bands to the bending of the three-atom chains and crosslinking or breakup of the 

icosahedra.18-19  While there is still no coherent view of the atomistic details of the failure mechanisms 

consistent with all simulation and experimental evidence, it is clear that the details of chemical bonding 

in B4C will strongly affect its properties. The insertion of various elements into the lattice could 

therefore have strong effects on its behavior.  For example, elemental alterations at the three-atom chain 

are likely to impact events such as chain bending, crosslinking of the chain to the icosahedra and the 

amorphization of the chains, especially with regard to the conversion of the C-C-C chain variety to 

amorphous carbon. Electronic and vibrational properties that control semiconducting behavior and 

thermoelectricity will also be affected by changes in valence, bond strength, and atomic mass due to 

elemental substitutions. Thus, these B4C-derived materials could be useful for a host of applications 

such as ballistics systems, pulse detonation systems, and high temperature electronics, including 

advanced thermoelectric materials. 

  In this study, we present DFT calculations of the energies of seven substitutional elements (Be, N, Mg, 

Al, Si, P, and S), and compare their tendency to become incorporated in different sites of the 

icosahedron-chain structure for the three polytypes mentioned above: B12-CCC, B12-CBC, and B11C
p-

CBC.  As a first  experimental test of elemental inclusion into the B4C lattice, we used the simple, top-

down technique of high-energy ball-milling (HEBM) to alloy it with Si, and analyzed the resulting 
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 5

material by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), 

Raman, 11B, 13C and 29Si magic-angle spinning nuclear magnetic resonance (MAS NMR), electron spin 

resonance (ESR) and X-ray photoelectron (XPS) spectroscopies to elucidate the position of the Si 

inclusion in the B4C lattice. 

Experimental Section 

Materials and instrumentation. B4C powder was used as-received from Electro Abrasives, Buffalo, 

NY.  The elemental inclusion of silicon was performed by the HEBM of B4C (3 g, 0.018 mol) and 

silicon (0.165 g, 0.006 mol; in the form of a chip) using stainless steel media.  We note that at this ratio 

enough Si is present to effect a single substitution event in up to 33% of the unit cells present in the B4C 

sample.  The HEBM was performed in three sessions of 90 min each with a break of 5 min between the 

sessions using a reactants-to-media ratio of 1:10.  The ball-milled, silicon-substituted B4C product 

(B4C:Si) was subsequently characterized by XRD, HRTEM, Raman, solid-state 11B, 13C and 29Si MAS 

NMR, ESR and XPS spectroscopic analyses. 

DFT calculations. We simulated the relaxed structure of B4C with various elemental substitutions using 

the libAtoms/QUIP20 eval program with energies, forces, and virials from the VASP21,22 DFT program.  

For VASP, the Perdew-Burke-Enzerhoff exchange-correlation functional23,24 was used with the standard 

VASP projector augmented wave (PAW) files25,26 for B, C, Al, Be, Mg, N, P, S, and Si, with 3, 4, 3, 2, 

2, 5, 5, 6, and 4 electrons in valence, respectively. All calculations used a cutoff of 500 eV with VASP 

precision set to “accurate”, electronic Gaussian smearing with a temperature of 0.05 eV, no symmetry, 

and Γ-centered 4×4×4 Brillouin-zone sampling.  Self-consistency was iterated with an energy tolerance 

of 1×10-6 eV.  Configurations were relaxed with the conjugate gradient algorithm implemented in 

libAtoms/QUIP (eval program option “cg_n”) with a convergence tolerance of 0.001 eV2/Å2 on the 

squared norm of the gradient vector composed of atomic forces and virial per atom x Å-1. 

  For the initial structures of substitutions at various sites in the B4C lattice, we started with the 15-atom 

primitive cell consisting of a B12 icosahedron and a C3 chain, and created the two variants, B12-CBC and 
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B11C
p-CBC, by changing the atomic species appropriately.  We then substituted the various impurity 

elements on all inequivalent sites, which can be divided into four types: chain center, chain end, 

 

Figure 2: Visualization of the B12-CCC, B12-CBC, and B11C
p-CBC primitive cells (left, center, and 

right panels, respectively), with B represented by red spheres and C represented by grey spheres.  Labels 

on B12-CCC structure show (1) the chain end, (2) chain center, (3) icosahedral polar, and (4) icosahedral 

equatorial substitutional sites. 

icosahedron polar and icosahedron equatorial (Figure 2).  The chain center site is bonded to the two 

other chain atoms, while the chain end site is bonded to the chain center site and to three icosahedral 

equatorial sites.  The icosahedral polar sites are bonded to five sites in the same icosahedron and one 

site in a different icosahedron, and the equatorial sites are bonded to the chain end and to five other sites 

in the same icosahedron.  Each configuration was relaxed by perturbing all atomic positions (to break 

the symmetry) and minimizing its energy with respect to atomic positions and unit cell size and shape.  

Because the net energy difference for each substitution depends on the chemical potentials of each of 

the elements involved, we also calculated reference total energies of C and B in the diamond structure 

and 105-atom β structure, respectively, relaxed using DFT with respect to atomic positions and unit cell 

size and shape.  With these reference energies we calculated the relative formation energies of the 
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 7

substitutions between compositions with varying numbers of B and C atoms, allowing us to 

energetically order the different sites for each element.  Note that comparing the formation energy of 

different elemental substitutions to each other would also require chemical potentials for the substituting 

elements, which we have not calculated. 

Materials Characterization. We collected HRTEM images of the Si-substituted B4C on a JEOL 2200 

analytical transmission electron microscope operating at 200 KeV.  To determine the distribution of B, 

C and Si, fine probe energy dispersive X-ray spectroscopy (EDS) was employed with a probe size of 1 

nm in the scanning TEM (STEM) mode.  XRD analyses were performed using a Rigaku 18 kW x-ray 

generator and a high-resolution powder diffractometer.  XRD scans were obtained using Cu Kα1 

radiation from a rotating anode x-ray source.  The crystallite size was determined using the Halder-

Wagner method and analysis of the observed peaks after correcting for instrumental broadening, using 

an external Si standard, at their full width at half maximums (FWHMs).27  Elemental composition and 

chemical state analyses were performed using a K-alpha (Thermo Scientific) spectrometer equipped 

with a monochromated Al Kα X-ray source, the energy of which was regularly calibrated and 

maintained at 1486.6 ± 0.2 eV.  The binding energy (BE) scale of the spectrometer was regularly 

calibrated using an automated procedure to produce Au 4f7/2, Cu 2p3/2, and Ag 3d5/2 peaks within <0.05 

eV of standard reference BE values.28  The microfocused X-ray source illuminated a spot of ca. 400 × 

600 µm2; spectra were collected at three spots for both B4C and the B4C:Si samples.  Survey spectra 

were acquired with a 1 eV step size at a pass energy (PE) of 200 eV and high-resolution spectra with a 

0.05 eV step size at a PE of 20 eV. XPS spectra were fitted in Unifit (ver. 2011), using a combination of 

Lorentzian and Gaussian line shapes to fit individual components, and backgrounds were modeled using 

a combination of Shirley and linear functions.  Elemental compositions were quantified using calibrated 

analyzer transmission functions, Scofield sensitivity factors29 and effective attenuation lengths (EALs) 

for photoelectrons; EALs were calculated using the standard TPP-2M formalism.30,31  Raman spectra 

were collected on an inVia Raman Microscope (Renishaw) using the 514 nm line of a multi-line argon 

ion laser as the excitation source.  Scans were obtained at ca. 15 mW laser power at the sample and an 

Page 7 of 34 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 8

integration period of 30 s, with five scans being accumulated.  Solid state NMR spectra were obtained in 

an Agilent 500 MHz spectrometer with a 3.2 mm magic-angle-spinning probe, spinning in the range of 

12–20 kHz. Spectra were recorded at ambient temperature.  Carbon-13 spectra were obtained with a 

single small flip angle pulse, and were externally referenced to tetramethylsilane (TMS) using 

adamantine as a secondary shift reference.  Boron-11 spectra were obtained with the quadrupole echo 

sequence synchronized to the spin rate.  Silicon-29 NMR spectra were externally referenced to TMS 

using a ground silicon wafer as a secondary shift reference.  The as-received B4C and B4C:Si powder 

samples were also characterized by electron spin resonance (ESR) measurements at 9.5 GHz in a 

commercial (E-300) Bruker 9.5 GHz spectrometer.  The samples were washed with a diluted HCl 

solution to remove any residual Fe or other metallic impurities introduced during the manufacture of the 

native sample and/or during the ball-milling process with stainless steel media.  The spectrometer was 

equipped with a liquid helium flow system that allowed for temperature control from 4.2 – 300K.  

Typical microwave powers of 5 mW with 2 G modulation amplitude and 100 kHz field modulation 

were employed for these experiments. 

Results and Discussion 

DFT.  The relative energies of each element in the four types of lattice positions (chain center and end, 

and icosahedron equatorial and polar) are listed in Table I.  For the two structures with B12 icosahedra 

and symmetric chains every site of a given type is equivalent, but forming B11C icosahedra breaks the 

symmetry, and for that structure we list the lowest energy of each type.  For B12-CCC, all substituted 

elements had a lower energy when replacing C at chain sites compared to B at icosahedral sites.  The 

metallic elements (Be, Mg, Al, Si) had lower energies at the chain center position, while N and S had 

lower energies at the chain end position, and P was nearly degenerate in energy between the two chain 

sites.  While the general pattern remains, substituting B for the chain center site changed this ordering 

somewhat for Si: the chain center and polar sites were close in energy for Si (polar is lower by 0.3 eV in 

B12-CBC), while N, P and S were lowest in energy at the chain end site.  The more striking results were 

obtained for the structure with the B11C
p icosahedra, which as mentioned is the most abundant 
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 9

component in any commercial sample of B4C. The metals, Be, Mg and Al, and the non-metals, N and S, 

were seen to prefer the chain center position and the chain end position, respectively, as with B12-CCC 

and B12-CBC. However, both Si and P preferred the polar position over any other position. In fact, for Si 

the next favored position of chain center has a relative energy of 2.3 eV. This interesting general 

bifurcation of the preference of metals for the chain center and of non-metals for the chain ends, in 

hindsight, follows chemical preferences of these atoms as metallic elements such as Be, Mg and Al will 

avoid the chain ends which demand covalent interactions and non-metals such as N and S and to a large 

extent P will prefer the chain ends as they prefer to covalently bond. However, intuitively predicting 

such preferences becomes tricky for the semimetal Si as it can have almost equal preferences for all 

sites in terms of bonding except for size restrictions. Thus, it is interesting to find that Si prefers the 

polar sites the most. (The structure of the lowest energy configuration of Si substitution in B11C
p-CBC is 

given in supplementary information (SI) Figure S1). This preference by Si may strictly be based on 

thermodynamics, as substituting the polar position will result in minimal perturbation and in the 

retention of the overall structure with optimal expansion (SI: Table S1); the corresponding VASP 

POSCAR files are given in Table S2 (SI). Similar lattice constants and cell volumes for other elements 

are given in Table S3 (SI).  In contrast, when Si substitutes the chain center in B11C
p–CBC it results in 

extra electrons occupying the conduction band affecting the energy of the resulting structure.  Due to its 

unique inclination, we chose Si as an interesting candidate in the first step to experimentally test the 

feasibility of these predictions.  Towards this, we computed the energy for forming a Si-substituted 

structure among all the three B4C polytypes, B12-CCC, B12-CBC, and B11C
p-CBC commonly found in a 

typical B4C sample, in all the various lattice sites relative to lowest energy site over all structures (SI: 

Table S4). A list of the substitutional energies of all the B11C
p-CBC sites are given in Table S5 (SI). 

Interestingly, while the chain center was the lowest energy site for B12-CCC, for B12-CBC and B11C
p -

CBC it turned out to be the polar sites. Given a mixture of these three polytypes, the first four 

substitutional events that a Si atom would undergo is as follows: 
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B12-CBC (Polar: 0 eV) = B11C
p
 -CBC (Polar: 0 eV) < B12-CCC (Chain center: 0.35 eV) = B12-CBC 

(Chain center: 0.35 eV).  

  We find that Si substitution increases the volume of the unit cell in all cases, but the magnitude of the 

change and the proportion of increase along each crystallographic direction varies by site and polytype.  

In general, substitution on the chain center site leads to the smallest increase in volume, and the chain 

end site the largest. 

Table I.  Relative energy (eV) for forming structure with substituting element in different B4C lattice 

sites.  All energies are relative to the lowest energy site for a given structure and element.  For B11C
p-

CBC, where inequivalent sites of each type exist, the lowest energy site of each type is listed. 

Structure Element Chain Center Chain End Equatorial Polar 

B12-CCC Be 0.0 6.2 3.0 3.7 

 N 0.44 0.0 1.7 1.8 

 Mg 0.0 3.6 3.5 3.7 

 Al 0.0 4.1 2.9 2.9 

 Si 0.0 2.4 2.9 2.0 

 P 0.0 0.06 1.9 0.6 

 S 1.5 0.0 3.7 2.8 

B12-CBC Be 0.0 1.6 2.7 2.8 

 N 4.1 0.0 4.4 3.7 

 Mg 0.0 1.4 2.7 2.6 

 Al 0.0 0.9 2.3 1.8 

 Si 0.3 3.3 0.6 0.0 
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 11

 P 1.4 0.0 1.6 0.7 

 S 1.2 0.0 2.3 1.7 

B11C
P-CBC Be 0.0 0.9 1.5 1.5 

 N 2.1 0.0 1.9 1.4 

 Mg 0.0 0.6 2.1 1.0 

 Al 0.0 1.9 1.1 0.3 

 Si 2.3 3.6 2.9 0.0 

 P 2.2 1.3 1.6 0.0 

 S 0.9 0.0 1.4 0.3 

 

HEBM: To experimentally test the DFT predictions of preferences for elemental substitution, in this 

case for that of Si, we realized that previous attempts involved mainly sintering techniques that required 

temperatures of greater than 1500 oC.32  It is well known that the crystal lattice of B4C becomes unstable 

above a temperature of 1100 oC as carbon atoms start to diffuse from its lattice above this temperature.33  

In the previous attempts it is likely that in the Si-substituted products the original crystal lattice of B4C 

would not have been retained, thus producing phase separated structures including ones containing SiC.  

In contrast, the HEBM process offers a technique by which elements can be substituted into the existing 

crystal lattice at much lower temperatures (~200-400 oC).34  Such a low temperature pathway can 

provide a means to effect the substitution of Si in B4C without detrimentally altering the starting crystal 

structure.  Since HEBM is a non-equilibrium process, it can produce lattice defects enabling and 

enhancing the diffusion of the solute (Si in this case) in the solid state into the B4C atomic lattice.  Also, 

because B4C is an extremely hard material, it is likely that such defects (such as dislocations, vacancies, 

stacking faults and grain boundaries) in themselves will not significantly alter the lattice structure.  
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From a fundamental sense, it would also be interesting to study the nature, order of production and 

extent of such lattice defects; however, it is beyond the scope of this paper.  

XRD.  The diffraction scans of as-received B4C and B4C:Si are shown in Figure 3.  All peaks were 

indexed based on the rhombohedral lattice R-3m(166) of B4C. The starting material lattice parameters 

were  

 

Figure 3.  2θ/θ scans of ball-milled B4C:Si and as–received B4C powders collected with Cu Kα1 

radiation.  The unassigned peak in the as-received B4C belongs to the commonly found B2O3 

contaminant. 

determined to be a = 5.608 Å and c = 12.07 Å, by using the least squares refinement of the observed 

reflections, in reasonable agreement with the reported bulk lattice parameters of a = 5.61 Å and c = 

12.14 Å for the rhombohedral phase of B4C (PDF#01-075-0424).35  In fact, the lattice parameters of a = 

5.608 Å and c = 12.07 Å of the as-received B4C lie very close to DFT calculated values of the B11C
P-

CBC polytype (a  = 5.60 Å and c = 12.06 Å (Table S1)).  In comparison the a and c axes values of the 

B12-CCC and B12-CBC polytypes are in the range 5.64-5.66 Å and 12.12-12.13 Å, respectively, which 
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suggests that the as-received B4C contains the B11C
P-CBC polytype as the major component, possibly 

up to 90% by weight as previously reported.  This is also further supported by the Raman and NMR 

analyses of the as-received B4C (vide infra).  After Si-substitution B4C retained its rhombohedral lattice 

structure indicating that such an incorporation did not drastically alter the original crystal structure.  The 

crystallite size was seen to reduce from 314(16) Å for B4C to 242(11) Å for B4C:Si.  More importantly, 

a shift in the peak to lower 2θ was observed which indicates a volume increase of the crystal lattice 

suggestive of lattice expansion.  This allowed for the indexing of all of the peaks of Si-substituted B4C 

based on the rhombohedral lattice of B4C.  The lattice parameters of the expanded lattice were found to 

be a = 5.623 Å and c = 12.14 Å, corresponding to a 1.40% expansion of the rhombohedral lattice’s 

volume on Si substitution.  However, the volume change of 1.40% (i.e. equivalent to ~15% substitution 

of the available B4C unit cells) suggested that all of the provided Si did not participate in substitutional 

events as a complete substitution of one-third of the unit cells should have produced a lattice expansion 

of ~3.4%.  The volume expansion value should have significant contributions from the energetically 

favored Si substitutions at the icosahedral polar sites of the major component B11C
p-CBC and the minor 

component B12-CBC along with minor contributions from the slightly less energetically favored sites of 

chain centers in B12-CCC and B12-CBC.  To determine whether a greater degree of substitution could 

have resulted had enough Si been provided to substitute all of the B4C cells in a sample, we performed a 

similar ball-milling experiment utilizing three times as much Si as before.  The lattice expansion value 

obtained from the XRD analysis of the resulting product showed that even under this condition only 

~18% of the unit cells are substituted (SI: Figure S2). Hence, it appears that under the non-equilibrium 

processing conditions of HEBM utilized in this study the extent of Si diffusion into B4C crystallites of ~ 

30 nm size is limited and may possibly occur only in about one-fifth of the unit cells in the ball-milled 

B4C sample assumed to be localized at the surface of the crystallites.  We also considered the possibility 

that the expansion in the volume of B4C’s lattice on ball-milling with Si was caused just by the process 

itself and not due to Si substitution.  To verify this, we ball-milled the same amount of B4C, in the 

absence of Si, under the same conditions and characterized the product by XRD analysis (SI: Figure 
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S3). There was no shift in the 2θ values of this product when compared to those of B4C’s, thus, 

excluding the possibility that ball-milling alone causes an expansion in the volume of the B4C lattice.  

  In order to determine the site of Si substitution, we performed detailed Rietveld analysis on the as-

received B4C and ball-milled B4C:Si samples.  The Rietveld analysis of the XRD profile of the as-

received B4C sample yielded lattice parameters of a=5.59737(±0.0004) Å and c=12.07149(±0.000801) 

Å and atomic coordinates given in Table II with an R factor of 6.22%.  On the other hand, Rietveld 

refinement of the XRD profile of the ball-milled B4C:Si sample yielded lattice parameters of 

a=5.60561(±0.004) Å and 12.08961 (±0.00149) Å and atomic coordinates given in Table III with an R 

factor of 8.9%.  

Table II. Atomic coordinates after Rietveld refinement of the XRD profile of the as-received B4C 

sample. 

ID Site Occupancy x y z Biso 
B 
 

18 (Equatorial) 1 0.16169 0.83831 0.64089 1.67 

B 
 

18 (Polar) 1 0.22386 0.77613 0.78029 1.53 

C 
 

6 1 0 0 0.61874 1.06 

B 
 

3 1 0 0 0.5 1.83 

  

Table III.  Atomic coordinates after Rietveld refinement of the XRD profile of the B4C:Si sample. 

ID Site Occupancy x y z Biso 
B 
 

18 (Equatorial) 1 0.16297 0.83703 0.64143 0.36 

B 
 

18 (Polar) 1 0.22579 0.77421 0.78039 0.39 

C 
 

6 1 0 0 0.61874 0.63 

B 
 

3 1 0 0 0.5 0.38 
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  Substitution of Si on site 18 (polar) for B, site 18 (equatorial) for B, site 6 (chain end) for C and site 3 

(chain center) for B with occupancies of 0.03 for Si and 0.97 for the respective elements gave R factors 

of 7.76%, 8.83%, 7.18% and 7.35%, respectively, suggesting comparable preferences for substitution at 

the polar, chain end and chain center sites with R values within ~0.5%, however, yielding a higher value 

for substitution at the equatorial sites (Table S6).  We note that the above R values were obtained by 

refining Si-substituted rhombohedral unit cell of B4C (B13C2: PDF#04-004-4255)36 containing only B12 

units and not the more prevalent B11C
p-CBC unit cell with B11C

p units, as refinement with such a 

structure yielded high R values of >35%.  In line with the substitutional efficiency value (~15%) 

obtained from the lattice cell expansion determination, the occupancy value of 0.03 of Si suggests that 

only ~18% of the unit cells are substituted by Si even though there was enough Si for substituting in 

one-third of the unit cells in the ball-milled B4C sample.  While the lower R value for the chain center 

substitution could be possibly attributed to an energetically favored substitution by Si in the minor 

components B12-CCC and B12-CBC, the value of 7.18% for chain end substitution is surprising as in 

none of the three B4C polytypes is such a substitution suggested to be energetically favored by the DFT 

results!   While one cannot discount the possibility of Si substitution in chainless B4C unit cells37 or in 

chains with vacancies37 to give such chain end substitutions, the observed a and c axes values exclude 

such possibilities.  For example, the a and c axes values of the likely product B12Si2
38 in a such scenario 

are 6.330 Å and 12.736 Å, respectively, which are much higher than the values observed for B4C:Si.  In 

addition, the substitution of Si in possible vacant chain sites would have significantly altered the region 

around 500 cm-1 in the Raman spectrum of B4C:Si with respect to that of the as-received B4C which 

happens to be not the case (vide infra).   There was also no evidence of a significant amount of 

vacancies in the 11B and 13C NMR spectra of the as-received B4C.   Importantly, the greater changes in 

the x and y atomic coordinates for site 18 (polar) in Table III from the Rietveld refinement of the XRD 

profile of ball-milled B4C-Si sample supports the substitutional event at the polar sites in B11C
p-CBC to 

be the most probable one.  Also, the DFT results indicate that Si substitution of the polar sites in B11C
p-
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CBC are more favored than such substitutions at the chain end and chain center sites by 3.6 and 2.3 eV, 

respectively. 

 

Figure 4.  HRTEM of the as-received B4C sample showing graphitic layers around B4C grains. 

 

Figure 5.  Fine probe EDS scans of a B4C:Si particle (5a) showing the concentrations of B (5b), C (5c) 

and Si (5d) in the particle. The EDS spectrum (5e) extracted from the above EDS scan showing the 

considerable presence of Si in the B4C lattice. 
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HRTEM.  Figure 4 shows the HRTEM of the as-received B4C powder which exhibits the presence of 

graphitic layers on B4C grains.  The high energy collisions of the media during HEBM with the mixture 

of B4C and Si components presumably breaks these graphite layers and create lattice defects in B4C 

enabling and enhancing the diffusion of the solute (Si) in the solid state into the B4C atomic lattice. 

  In order to confirm that Si has entered into B4C lattice, we studied the distribution of Si and performed 

HRTEM imaging to investigate any evidence for phase separation on the nano scale and to measure the 

lattice spacing of B4C.  Figure 5 shows the fine probe EDS maps from a number of powder particles of 

the B4C:Si product illustrating the distributions of Si, B and C in the sample.  The uniform dispersion of 

Si in the image (Figure 5d) suggests that the substitution of Si in the sample is uniform and that there is 

no Si segregation or phase separation. The extracted EDS spectrum, as shown in Figure 5e, 

demonstrates 

 

Figure 6.  (a) HRTEM of B4C:Si showing (b) an increase in the lattice of {101} planes including the 

lattice image of the [2-10] zone (c). 
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the presence of considerable amount of Si in the B4C lattice. We have also observed an increase in the 

lattice spacing as a result of Si incorporation, consistent with the XRD observation. Figure 6a shows the 

HRTEM image of the B4C:Si product and Figure 6b, obtained from the box in Figure 6a, and the 

corresponding lattice image of the [2-10] zone in Figure 6c show a considerable increase in the lattice 

spacing of the {101} planes. Based on XRD and TEM observations we can conclude that the HEBM of 

B4C and Si powders produces a solid solution of Si in B4C at a relatively low temperature without 

detrimentally impacting its lattice structure. 

Raman.  The rhombohedral boron carbide structure B12-CBC with D3d symmetry is predicted by group 

theory to have 12 modes, of A1g (5) and Eg (7) symmetry, that are Raman active.39 The Raman spectrum 

obtained at excitation wavelength of 515 nm (2.41 eV) of the as-received B4C agrees well with a 

previous report of such measurements (Figure 7).40  The two narrow bands centered around 500 cm-1 

have been 

 

Figure 7. Raman spectra of B4C and B4C:Si powders excited by a 514.5 nm Ar ion laser. 
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assigned to the stretching vibrations in the soft CBC chains found in B4C composition with ≤20% C; 

thereby supporting the presence of more than 90% of the B11C
p-CBC polytype in the as-received B4C 

sample.41  In boron-rich boron carbides such as B12-CBC these peaks were found to be almost non-

existent.41 Furthermore, the Raman spectra of the B4C and B4C:Si powders exhibited characteristic 

peaks for crystalline B4C (Figure 7).1  The agreement in the positions and relative intensities of the peaks 

in the region ranging from 400 to 1200 cm-1 indicated that the symmetry of the icosahedra was not 

altered by the HEBM process.  The lack of major changes in the bending vibrations around 500 cm-1 of 

the 3-atom chain resonances in the as-received B4C and B4C:Si further rules out the chain end 

substitution of any of the polytypes as such substitutions are expected  to produce major changes in the 

resonances.41  However, we observed clear differences in the intensities of the bands below 400 cm-1, 

which have been attributed to soft phonons associated with B4C lattice distortion42; however, these 

bands have been shown to vary between samples taken from the same bulk material.41  Also, while there 

was significant intensity enhancement in the peaks corresponding to the graphitic (G) and disorder-

induced (D) carbon modes centered at 1574 and 1347 cm-1, respectively, in the spectrum of the B4C:Si 

powder, the relative intensities of the G and D bands were fairly consistent.  Thus, the increase in the 

intensity of the carbon peaks in the B4C:Si sample is more likely a result of the unreacted Si atoms 

having a surface enhancement effect on graphitic contaminants in close proximity,43 rather than by B4C 

amorphization which would have produced a strong D mode and a weak G mode.44  

NMR: The boron carbide materials have been characterized with multi-nuclear solid state NMR 

spectroscopy.  NMR signals are normally observed in diamagnetic materials.  The electronic spins in 

paramagnetic materials can have a profound effect on the NMR spectra, potentially leading to very large 

resonance shifts or broadening of the peaks, in extreme cases resulting in NMR spectra being 

unobservable.  

The central transition peak in the 11B NMR spectrum of B4C (Figure 8) shows a single peak 

slightly asymmetric on the downfield (high frequency) side.  The main peak is due to the boron in the 
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icosahedral cages.45 The asymmetry has been ascribed to an unresolved peak due to boron in the center 

of the chain.46 The intensity of the central transition peak in B4C:Si is diminished relative to the 

neighboring spinning sidebands by approximately 20%. It is possible that the generation of radical 

species at the Si-substituted B4C polytypes wherein the substitution occurs at a boron site caused a 

reduction in the initial 11B signal and the broadening of the remnant B signal due to coupling with the 

unpaired delocalized electron.  

The 13C NMR spectrum of B4C (Figure 8) shows two peaks at 3.5 ppm and 83.5 ppm which 

have been assigned previously to carbon at the chain ends and in the polar position of the icosahedra, 

respectively, with no detectable chain center carbon signal for the B12-CCC polytype.46-48  No peak 

attributable to graphitic carbon is observed; however, such a peak is expected to be broad and possibly 

below our detection limit. The peak marked with an asterisk comes from the poly(tetrafluroethylene) 

rotor cap. The carbon spectrum of B4C:Si shows the same two peaks with the same ratio of intensities, 

within experimental uncertainty.  Quantitative measurement of the peak heights shows that the 

intensities of the  
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Figure 8. 11B, 13C and 29Si MAS NMR spectra of B4C and B4C:Si powders. 

Page 21 of 34 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 22

carbon peaks in B4C:Si are reduced by 22 ±3% and 26 ±9% for the chain end and polar position peaks, 

respectively, similar to the reduction in the boron signal intensity.  Wade’s electron counting rules of 

polyhedral boranes49 and theories on the bonding in B4C
37 can provide insights into these changes in the 

intensities of the carbon peaks and the above discussed reduction in the intensities of the boron peaks.  It 

is obvious that the substitution of the chain ends sites by Si in any of the three B4C polytypes will not 

produce a reduction in the carbon peak at the polar position.  The observed reductions appears more 

reasonable if one were to consider the substitution of the polar sites by Si in the major component 

B11C
p-CBC to which MAS-NMR measurement should be more sensitive.  Since among the six polar 

sites in the B11C
p, the substitution by the ‘isovalent’ Si at the Cp site is found to be more favored than 

the other five polar boron sites by at least 2.2 eV (Table S5), such a substitution will only reduce the 

intensity of the polar carbon peak and not of the chain end peaks.  However, when Si substitutes one of 

the five ‘non-isovalent’ boron polar sites the resulting B10SiCp-CBC product’s carbon peaks will be 

broadened due to interaction with the electron spin thereby reducing the intensities of both the polar and 

chain end carbon peaks.  This explains more reasonably the observed changes in the chain end and polar 

carbon peak intensities.  

A sample of the same silicon wafer used in the B4C:Si was ball-milled and the 29Si NMR 

spectrum (Figure 8) obtained as a relative shift standard.  The silicon shows a relatively narrow peak 

with the shift of the maximum intensity defined as -85 ppm superimposed on a broad, asymmetric peak 

with the shift of the maximum intensity at -48 ppm with reference to TMS peak at 0 ppm; the peak has a 

spin lattice relaxation time of greater than 40 s.  The breadth of the peak is greater than that observed in 

other powdered Si and is most likely due to defects introduced by ball-milling.  In contrast, the 29Si 

NMR spectrum of B4C:Si shows a very broad peak with maximum intensity at -110 ppm and a spin 

lattice relaxation time of approximately 20 s.  The shift is similar to that observed in a boron-silicon 

porous glass50, but the B4C:Si peak is much broader.   
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Figure 9.  ESR spectra obtained at 300 K for the ball-milled, acid-washed B4C, B4C:Si, and Si powder 

samples.  Note the nearly two-fold increase of the FWHM value for the B4C:Si sample relative to that 

found for the as-received B4C powder. 

ESR: Representative ESR spectra obtained at room temperature for the (ball-milled, acid-washed) as-

received B4C and B4C:Si powder samples are shown in Figure 9.  In addition, an ESR spectrum was 

obtained (using the same ball-milling and HCl-washing treatments) for several milligrams of the 

crystalline Si employed in the preparation of the B4C:Si powder sample.  A single, strong ESR signal 

was observed for the B4C powder with Zeeman splitting g-value of 2.0029 ± 0.0002 and a full-width at 

half- maximum (FWHM) value of 7.2 G.  These magnetic resonance parameters are within error very 

similar to those reported in the literature for ESR signals observed in boron carbide powders made by 

various methods as described in Ref. 51.  The microscopic origin of this signal has been the subject of 

much debate over the years, including its association with radical centers48.  However, its exact origin 

may not be too critical for this work in understanding what occurs when Si is “energetically” introduced 
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into the host B4C powder through the ball-milling process.  In particular, as shown in the middle 

spectrum of Figure 9, a strong ESR signal is also observed for the B4C:Si powder sample with g-value 

of 2.0033 ± 0.0004 and FWHM of 13.4 G.  This g-value is quite similar to that found for the B4C 

powder but its linewidth is nearly double.  Following the discussion and analyses presented by Kakazey 

et al.52, this increase in linewidth can be understood simply as due to an exchange interaction between 

the “native” paramagnetic defects (presumably radical centers) in the B4C lattice and the additional 

mobile charge carriers at 300K that are generated from replacement of some fraction of the B host 

lattice atoms with Si shallow donors.  We note that the ESR signal observed from ball-milling the 

crystalline Si alone (see bottom spectrum in Figure 9) is characterized by a g-value of 2.0054 ± 0.0002 

and FWHM of 6.9 G.  This resonance is a well-known “fingerprint” of so-called Pb-centers and are 

associated with Si dangling bond defects as also reported recently for ball-milled Si nanoparticles53 and 

is consistent with the relatively short spin-lattice relaxation time observed in the 29Si NMR of the ball-

milled Si material.  Most notably, ESR simulations revealed that one cannot account for the g-value and 

lineshape (and the broadening, in particular) observed for the B4C:Si powder sample from the addition 

of the individual spectra found for the as-received B4C powder and crystalline Si samples.  However, it 

is possible that the slight inflection observed in the lineshape just below the resonance field position for 

the B4C:Si sample may be due to some small contribution from un-reacted B4C.  Overall, these ESR 

results support our proposal for the incorporation of Si within the B4C host lattice sites through the 

HEBM treatment. 

XPS.  XPS spectra of B4C and B4C:Si are shown in Figure 10; elemental compositions are shown in 

Table S7 (SI).  In the B1s region of B4C, peaks are seen with binding energies that match54 B-B, B-C 

and B-O bonds at percentages of 62, 20 and 18, respectively.  The B-B and B-C bonds can be attributed 

to the interactions between the boron atoms in the icosahedron and between boron and carbon within the 

icosahedron and in the three-atom chain, respectively.  The appearance of the B-O binding energy55 

feature indicates the presence of B2O3 in the as-received B4C sample as also seen in its XRD spectrum 

(Figure 3). In the C1s region of the spectrum, a majority (~90%) of the absorption peaks are seen to    
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Figure 10.  Characteristic high resolution XPS spectra of the C 1s, B 1s, and Si 2p regions of a 

commercial B4C sample (top left and top middle), a silicon wafer (top right), and our high-energy ball 

milled sample with infused Si (bottom). 

be associated with C-C and C-B bonding energies, suggesting the presence of interactions between 

carbon and boron within the icosahedron and the three-atom chain and also among such carbon and 

boron within them.  The large extent of the C-C bonding suggests the presence of free carbon such as 

graphitic inclusions in the material which are known to be present in typical B4C samples56, and as 

corroborated by HRTEM analysis.  The minor components corresponding to C-O and C=O bonds varied 

between sample collections of both the B4C and B4C:Si powders. We attribute the oxygen-containing 

carbon species to contaminants in the as-received B4C powder or atmospheric adsorbates typically seen 

in XPS analysis. 

In B4C:Si, the relative ratio of the B-B to B-C peaks was 2.91 for B4C and 2.74 for B4C:Si, 

respectively, suggesting a greater degree of Si substitution around B-C centers and two minor peaks 

evolved that we attribute to oxygenated boron species (BE=190-193 eV).  More importantly, we 
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observed a peak at BE=186.5 eV corresponding to B-Si interactions.55  This peak can be attributed to 

the Si-B interactions originating mostly from the replacement of one of the polar boron sites in B11C
p-

CBC and to a minor extent from the replacement of polar boron sites in B12-CBC.  In the B4C:Si XPS 

spectrum, a peak is also observed at BE=283.3 eV which is typically attributed to bonding interactions 

between carbon and silicon.  This can be attributed to the neighboring Si-C interactions at the polar sites 

in B10SiCp-CBC and B11Si-CBC derived from the substitutional reactions of Si with B11C
p-CBC and 

B12-CBC.  Furthermore, the peak at 281.1 eV indicates the presence of a species such as Si-C-B in 

B4C:Si, which can arise from the discussed polar substitutions.  In the Si 2p region, a peak around 101.1 

eV can be attributed to Si-C bond and the peaks at 98.9 eV and 102.6 eV can belong to Si-Si (arising 

from Si-Si present in unreacted moieties of Si) and O-Si-O (possibly formed from some oxidation of Si) 

bonds, respectively. 

Conclusions 

Our DFT simulations predict that, in general, the metallic and semi-metallic elements Be, Mg, Al, and 

Si preferentially substitute at the centers of the three-atom chains, while the non-metallic elements N, P, 

and S preferentially substitute at the ends of the chains in B12-CBC and B12-CCC polytypes. However, 

in the case of the more dominant polytype B11C
p-CBC, interesting substitutional preferences were 

observed especially for Si as it displayed a preference for the polar sites in this B4C polytype. As an 

initial test of the DFT predictions, we alloyed B4C with Si by HEBM, a process that gives us the ability 

to effect substitutional events in B4C without detrimentally impacting its crystal structure, and analyzed 

the bonding and structure of the resulting material by a combination of techniques including HRTEM, 

XRD, XPS, Raman, MAS NMR and ESR spectroscopies.  Our experimental results broadly confirm the 

general DFT predicted preference for Si to occupy polar sites in the major B4C polytype, B11C
p-CBC.  

Our work shows the general ability of DFT to predict the structure of chemically interesting 

substitutions in ceramics, and the power of the simple, top-down technique of HEBM to produce alloys 

of materials with stiff, mechanically strong and thermally stable lattices, making it possible to modify 

their properties.  In fact, preliminary evaluations, not reported here, have shown that the hardness of 
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B4C:Si is nearly double that of the as-received B4C. While our initial motivation is based on the 

mechanical properties of B4C, where the substitutions’ effects on bond stiffness and geometry may have 

dramatic effects, we note that elemental lattice substitution will also affect the electronic, vibrational, 

and transport properties (both electronic and thermal) of B4C. Thus, the development of ceramics 

containing elemental substitutions could lead to a new class of materials whose properties can be 

tailored for a wide range of applications.  In future work it would be interesting to test whether the site 

preference predictions of our DFT calculations for other elements are also confirmed experimentally, 

and how the elemental substitutions, with their different valence and bonding tendencies, affect the 

mechanical, electronic, and vibrational properties of boron carbide. 
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conditions as used during the production of the B4C:Si sample. Table S1 provides the relaxed lattice 
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Table S2 provides the VASP POSCAR files for B, C and Si in the products formed by substitution of Si 

in the three B4C polytypes, Table S3 lists the effects of Be, N, Mg, Al, P or S substitution on lattice 
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parameters of the three B4C polytypes, Table S4 gives the energy (eV) for substituting Si in different 

B4C lattice sites relative to the lowest energy site over all structures, Table S5 provides the energies of 

Si substituted at the fifteen unique sites in B11C
p-CBC, Table S6 shows the preferences for Si 

substitutions at site 18 (polar), site 18 (equatorial), site 6 (chain end) and site 3 (chain center) with 

occupancies of 0.03 for Si and 0.97 for the respective elements with the associated R values and Table 

S7 provides the elemental compositions of B4C and B4C:Si.   
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